Dielectronic recombination is an important process in high temperature plasmas. In the present work, the KLn (n=L, M, N and O) DR resonance strengths of He-like to O-like xenon ions are measured at the Shanghai electron beam ion trap using a fast electron beam energy scanning method. The experiment uncertainty reaches about 6% with significant improvement of statistics. A relativistic configuration interaction calculation is also made. Theoretical results agree with the experiment results within 15% in most cases.
K-shell excitation dielectronic recombination resonance strengths of highly charged Helike to O-like Xe ions 1 
. Introduction
Dielectronic recombination (DR) is a resonant electron-ion recombination process, where a free electron is captured by an ion and a bound electron is promoted simultaneously, forming an intermediate auto-ionization state. The process is completed when the subsequent photon emission reduces the total energy of the ion below the ionization threshold. The process is generally labeled by an inverse Auger process notation. For example, the KLn DR indicates that one K-shell electron is excited during the capturing of one free electron, forming the excited level with one electron in L-shell and another electron in n-shell (n=L, M, NK).
DR plays an important role in high temperature plasmas. It could significantly affect the ionization balance and energy equilibrium, for its large strength and high radiation rates [1, 2] . DR satellites can be used as a unique tool for electron density and temperature diagnostic [3, 4] . It is also interested in studying atomic structure and atomic collision theories [5] [6] [7] . DR has been widely studied experimentally in storage rings, and in electron beam ion trap (EBIT), for example in [8] [9] [10] [11] and reference therein. The work in EBIT mainly focuses on the high energy region where K or L shell electron excitation is involved. To study the DR resonance strength at EBIT, A fast electron beam energy scanning technique is developed by Knapp [9] . The method is used in present work.
There has been a great interest in xenon ions spectra for their applications in various fields of physics. For example, in astrophysics, the xenon spectra in the planetary nebula NGC 7027 were detected by Pequignot and Baluteau [12] . In tokamaks, xenon was injected to study high-Z impurity behavior [13] , to enhance radiation loss power by controlled gas puffing in order to reduce the concentrated heat flux density at the divertor or limiter [14] , or for diagnostic purpose [15] . It has also been proposed to diagnose the colder ITER plasmas by observing the L-shell lines of neonlike xenon [16] . Besides, xenon spectrum can also be used for inertial confinement fusion plasma density diagnostics [17] or as the target of the laser-driven multi-keV x-ray source [18] . So the xenon spectra in all stages of ionization are widely studied, and many of these work are summarized by Saloman [19] .
Open L-shell xenon ions could survive in plasmas with a few keV electron temperature. Such ions often have more than two electrons in L-shell when inner shell excitation occurs. This leads to extensive correlations effects, which makes it a challenge for theoretical calculations. In our previous work, we produced open L-shell xenon ions in our EBIT [20] , and studied the KLL resonance energies and resonance strengths for He-to O-like xenon [21, 22] . However, in those work, the more complicated KLn DR manifold was not measured. Upgrade of the Shanghai-EBIT [20] makes us possible to study the DR process in a much wider resonance energy region. In the present work, the KLn (n=L, M, N, O) DR spectra of He-to O-like xenon were measured at the Shanghai EBIT utilizing a fast electron energy scanning scheme. A full relativistic calculation was also carried out and was compared with the experimental results.
Experiment
The present experiment was performed at the Shanghai EBIT [20, 23] . In an EBIT, an electron beam with a density of about 10 11 -10 12 cm −3 is employed to produce the highly charged ions. The electron beam energy is monochromatic and tunable, making EBIT a unique tool to study the electron ion collision processes [24] .
The current experimental setup was similar to those used in our previous work [22, 25] , as shown in figure 1 . In the experiment, neutral xenon atoms, injected into the EBIT drift tube in a gas phase, were subsequently ionized into required charge states by electron-ion collisions in 4. . A 68 ms interval was applied between every energy scanning in order to regain the original charge state distribution. After 50 scan cycles, a dumping procedure was applied to stop the accumulation of heavier impurities, such as W ions sputtered from the electron gun. The total loop took 11.2 s. During the whole experiment, the electron beam current was kept constantly at 90 mA, and the radius was 40 μm.
A high purity germanium detector was mounted perpendicular to the electron beam, in order to detect the x-rays emitted by the trapped ions. The x-ray energy, the electron beam energy, and the detection time were all recorded simultaneously by the data acquisition system, thus forming a 3D plot of the DR spectrum, as shown in figure 2 .
The DR excitation function was obtained by projecting the counts of radiative photons onto the electron beam energy axis, where the photons along n=2 RR cuts and Kα cuts were selected separately as shown in figure 3 . The spectra intensity can be described as follows: where D is an efficiency coefficient containing the detector efficiency, electron density, ion density, detection time, overlapping area, and so on, f q is the ion abundance of charge state q, dσ RR (q, ε)/dΩ is the differential cross section of radiative recombination (RR) at 90°, S qdf is the DR resonance strength from the ground level of the ions of charge state q through doubly excited intermediate level d to final level f, W qdf is the corresponding angular distribution factor, and V(ε) is the Voigt distribution. K d is a factor used for correcting the theoretical resonance strengths. The details of the expressions were discussed in our previous work [22] .
Results and discussion
The KLn DR scatter plot of He-to O-like xenon ions is shown in figure 3 . The spectrum can be divided into five sections, according to its resonance energy and photon energy, which are labeled as KLL section, KLM RR=2 section, KLM Kα section, KLN+KLO+KLP n=2 RR section and KLN+KLO+KLP Kα section. They are projected onto the electron energy axis for the further analysis and are fitted with the expression (1).
The fitting processes of the experiment data were done in two steps. In the first step, the RR differential cross sections, the energy widths of the intermediate levels, the angular correction factor and the resonance strengths of the DR process were calculated by utilizing the flexible atomic code [26] . 2 and all the 1snl configurations. Here p is the number of electrons in the L shell. The principle quantum number n=3-5 with all their possible angular momentum states l were included. The calculation in [22] considered Coulomb interaction only, while in this work both Coulomb and generalized Breit interactions (GBI) were considered for the interaction between the bounded electron and the incident electron. K d was set to unity in the first step. The efficiency coefficient D was treated as a single fitting parameter for individual manifolds. The electron energy width was set to 45 eV, which was obtained from isolated peaks fitting, e.g. the third resonance peak from He-like and the first resonance peak from Li-like xenon in figure 4 . The abundance factor f q of different charge states were then fitted based on the theoretical spectrum. In the next step, the DR resonance strengths of the KLL manifold were fitted for each level, giving the correcting factors K d . For the unresolved intermediate state in the same manifolds, a single K d value was used. Multiplying the theoretical resonance strengths by correcting factors K d gave the experiment values in the KLL, KLM KLN and KLO manifolds. These values were used as input parameters to do an iterative fitting until convergence reaches.
The total uncertainty of the experiment is about 6%, which is a linear combination of three main parts. The statistical error is below 2% for most levels. An overall uncertainty of 3% should be introduced because of the theoretical accuracy for RR cross section calculation, which is estimated from comparisons between experiments and calculations for x-ray attenuation (the time-reversed RR process) [27] . Since in equation (1), a single value of abundance factor f q is used in fitting, the charge state distribution variation in the sweep cycle give rise to an uncertainty, which is about 1%-2%, estimated by:
where 〈j e 〉 is the effective density of the electron beam flux. S is the resonance strength and dE/dt is the energy scan rate. The experimental spectrum of KLL DR manifold projection on beam energy axis is shown in figure 4 , together with the fitting results. Calculated DR peaks with strong resonance strength, which has a contribution of larger than 1% of the total resonance strength, are labeled in the figure separated by their charge states and resonance energies. The projected spectra of KLM manifold are shown in figure 5 . Unlike the KLL manifold, the individual peaks of different charge states are blended. However, a dividing trench occurs around 26.2 keV, which is the energy splitting of 1s2p 1/2 3l and 1s2p 3/2 3l levels for He-, Li-, Be-and B-like xenon. Similar phenomenon arises in figure 6 , which is the projected spectrum of the KLN+KLO+KLP manifold. The KLO spectrum overlaps with KLP manifold at the higher resonance energy side. Furthermore, resonance from different charge states also overlap with each other for these manifolds. Assuming that the accuracy of the calculation for all charge states in the KLM, KLN and KLO manifold are similar, we use the calculated ratio to separate the contributions of different charge states from the experiment spectra.
The experimental and theoretical results of KLn resonance strengths of each charge state are listed in tables 1 and 2. The experimental results of the KLL resonance strengths from [22] are also listed. Surprisingly, some clear discrepancies are found in the measured KLL DR resonance strengths in two experiments. Especially for the Li-like and O-like cases, the present results are 17% and 22% smaller than the results in [22] , which are larger than the experiment uncertainty. One possibility is the underestimation of the angular distribution correction coefficients in [22] , in which the GBI plays an important role [6] . Since not all the intermediate states are experimentally resolved, an exact estimation for individual states are not possible. As discussed in [28] , we could also define a weighted effective angular distribution correction coefficient W * . However, calculation shows that, with/without GBI effects, the weighted coefficient changes by about 1% for every DR manifolds. The GBI effect in the angular distribution correction coefficient can only partially explain the discrepancy, but not the main reason. Another possibility may be a lower estimation of the ion abundance of the corresponding charge states in [22] . In both of the measurements, ion abundance f q is determined in a selfconsistent multi-parameter least square fitting. There may be risk of failure to determine f q form unknown mathematical problems. More experiments are needed to understand the discrepancies. In new designed experiments, one could measure the ion fractions by pulse ion extraction. The equilibrium charge state distribution could be tuned by tuning the ionization energy and effective vacuum, to do a differential measurement. These could determine f q independently.
Furthermore, comparisons between the theoretical and experimental results show that the theoretical results agree with the experiment results within 15%, except the case of KLL resonances in O-like ions. It is also found that for the KLM, KLN and KLO manifolds, calculations are systematically larger than the experimental results. It is found that higher order resonances, named trielectronic recombination and quadruelectronic recombination, have prominent contributions to many K-shell excitation recombination [29, 30] . However as seen in figure 4 in [29] , higher order contributions are negligible in high-Z ions. In the present calculations, the higher order contributions are also considered, since all the possible recombination channels, the intermediate states, are included in the configuration interaction calculation. Recombination from long lifetime metastable initial states may also disturb the understanding of our spectra. However calculation shows lifetimes of the metastable states in open-L shell xenon ions are too short to capture electron distributions in the EBIT. In all these manifolds, the electron configurations of the intermediate states of the resonance include three open shells, which makes it extremely difficult to achieve a higher accuracy in the calculation. To understand these discrepancies, more theoretical studies are required.
Conclusions
In the present work, the KLn (n=L, M, N and O) DR resonance strengths of He-to O-like xenon ions are studied. Calculations agree with the experiment results within 15% for most of the cases. The calculated total resonance strengths of KLM, KLN and KLO are systematically larger than our experimental results. Further studies on these resonances are required. 
